Reduced ATM function has been linked to breast cancer risk, and the TRIM29 protein is an emerging breast cancer tumor suppressor. Here we show that, in cultured breast tumor and non-tumorigenic mammary epithelial cells, TRIM29 is up-regulated in response to hypoxic stress but not DNA damage. Hypoxia-induced up-regulation of TRIM29 is dependent upon ATM and HIF1␣ and occurs through increased transcription of the TRIM29 gene. Basal expression of TRIM29 is also downregulated in cells expressing diminished levels of ATM, and findings suggest that this occurs through basal NF-B activity as knockdown of the NF-B subunit RelA suppresses TRIM29 abundance. We have previously shown that the activity of the TWIST1 oncogene is antagonized by TRIM29 and now show that TRIM29 is necessary to block the up-regulation of TWIST1 that occurs in response to hypoxic stress. This study establishes TRIM29 as a hypoxia-induced tumor suppressor gene and provides a novel molecular mechanism for ATM-dependent breast cancer suppression.
The ATM gene product is a high molecular weight protein kinase that is catalytically activated in response to DNA doublestrand breaks (DSBs). 4 Upon activation, ATM phosphorylates numerous downstream substrates that activate a range of cellular responses to genotoxic stress such as cell cycle checkpoints, apoptosis, and DNA repair (1) . Because of its critical role in DNA damage response signaling and maintenance of genomic integrity, as well as the highly tumor-prone nature of both humans and mice with germ line disruption of the ATM gene (2, 3) , ATM is roundly considered a tumor suppressor gene. Although germ line loss of ATM principally results in tumors of hematolological origin (lymphoma and leukemia) (4) , multiple studies have confirmed that female ATM heterozygotes possess an elevated breast cancer risk (5) (6) (7) . Presently, it remains unresolved which facet(s) of ATM function are critical in breast cancer suppression.
ATM has been shown to respond to other forms of cellular stress such as redox imbalance (8) and hypoxic stress. Several studies documented that, in response to culture under low oxygen conditions, cells activate ATM-dependent signal transduction, resulting in activation of the kinase Chk2 (9, 10) . More recently, ATM has been mechanistically linked to hypoxic response by directly phosphorylating the HIF1␣ protein (11) , a subunit of the HIF1 transcriptional complex required to transactivate a spectrum of genes important in response to low oxygen conditions (12) . Although evidence indicates that ATM is activated during hypoxic response through a mechanism independent from the mechanism that controls ATM activity in response to DNA DSBs (13) , the impact of ATM-dependent signal transduction during response to this particular form of cellular stress remains unclear. This last point is also potentially paradoxical because hypoxic response, and activation of HIF1 in particular, is widely viewed as principally oncogenic in nature (12, 14, 15) .
TRIM29, a member of the TRIM family of proteins (16) , has proven to be an enigmatic protein in regards to its function in differing cancer types. Examination of TRIM29 expression in various tumor types has uncovered that increased expression of TRIM29 is associated with more aggressive forms of disease including bladder (17) , colorectal (18) , gastric (19) , lung (20, 21) , and pancreatic cancer (22) . Further, several studies have shown a significant association between elevated TRIM29 expression and reduced patient survival (17, 19) . In pancreatic cancer cells, investigators found that overexpression of TRIM29 promoted cell growth in vitro and metastatic activity in vivo (23) . This property of TRIM29 stems from its ability to stimulate Wnt/␤-catenin/TCF signaling by binding to Dvl-2, a Wnt activator downstream of the Frizzled receptor. More recently, TRIM29 was found to bind to many molecular components of DNA damage response and to act as an important factor in response to genotoxic stress (24) .
In breast cancer, a clearly contrasting view as to how TRIM29 impacts oncogenesis has emerged. The first report on this subject showed that TRIM29 was not commonly expressed in a small panel of breast cancer lines and that expression of recombinant TRIM29 in the breast cancer line BT-549 resulted in reduced growth and colony forming ability in soft agar (25) . Later, Liu et al. (26) observed that knockdown of TRIM29 in the non-tumorigenic MCF-10A line resulted in an increased growth rate and anchorage-independent growth, increased cell motility and invasiveness, and disrupted three-dimensional acinar formation in vitro. In the MCF7 tumor line, which expresses low levels of TRIM29, expression of recombinant human TRIM29 had the opposite effect, namely, a slowing of growth and reduction in anchorage-independent growth. These findings led this group to conclude that TRIM29 was functioning in a growth suppressive role in MCF7 and MCF-10A cells, although the underlying mechanism(s) for this effect were not reported.
Our group (27) showed that TRIM29 knockdown in breast cancer and non-tumorigenic mammary epithelial lines resulted in increased cell motility, invasiveness, and altered gene expression patterns consistent with activation of the epithelial to mesenchymal transition. The molecular basis for this effect appears to be due, at least in part, to a mutually antagonistic relationship that TRIM29 has with the oncogenic transcription factor TWIST1 (27) . We now show that TRIM29 expression is induced by hypoxia in an ATM and HIF1␣-dependent manner and that TRIM29 is necessary to block hypoxia-inducible TWIST1 expression.
Results
TRIM29 Expression Is ATM-dependent and Hypoxiainducible-We initially uncovered the TRIM29 gene in an expression microarray screen for genes that were down-regulated in breast cancer lines with knocked down (RNAi) ATM expression. To confirm these findings, we knocked down ATM in two breast cancer cell lines that express TRIM29 (SKBr3 and MDA-MB-468) and an immortalized human mammary epithelial cell line (HMEC). As judged by RT-PCR on total RNA harvested from these lines transduced with control lentivirus or virus encoding two independent ATM-specific shRNA constructs (clones shATM-1 and shATM-2), diminished ATM expression resulted in a sharp drop in TRIM29 transcript abundance ( Fig. 1A) . Consistent with the established role that TRIM29 plays in restricting TWIST1 expression (27) , we observed in each line that ATM knockdown resulted in increased TWIST1 transcript abundance. When quantitative RT-PCR (Q-PCR) was used to measure relative ATM and TRIM29 transcript abundance in these cells, we scored a Ͼ2-fold decrease in both ATM and TRIM29 mRNA in SKBr3, MDA-MB-468, and HMEC cells with ATM knockdown compared with control virus transduced cells. When immunoblotting was used to examine TRIM29 protein expression in these lines, we again observed a clear decrease in TRIM29 in cells with ATM knockdown (Fig. 1C ). In contrast, immunoblotting with anti-TWIST1 showed a notable increase in TWIST1 protein in ATM knockdown cells.
ATM is critical in the activation of cellular response to DNA DSBs. Because TRIM29 expression is controlled in an ATMdependent manner, we sought to determine whether genotoxic stress impacts TRIM29 abundance. To test this, we subjected SKBr3, MDA-MB-468, and HMEC cells 10 Gy of ␥-radiation, prepared extracts, and immunoblotted with anti-TRIM29 and anti-␥H2AX. We observed no change in TRIM29 expression 18 h after ␥-radiation exposure (Fig. 1D ). In contrast, abundant phosphorylation of the histone variant H2AX (␥H2AX) was observable in these extracts consistent with a robust DNA DSB response (32) . These results indicate that TRIM29 expression is not responsive to DNA damage, consistent with other recent studies (24). Bencokova et al. (13) observed that ATM is activated in response to hypoxia but that ATM activation under these conditions occurred independent of the MRN complex, a required component for ATM activation in response to DNA DSBs (33) . This led these investigators to conclude that hypoxic stress activates ATM through a mechanism independent from that governing ATM activation in response to genotoxic stress. To test the effects of low oxygen conditions on TRIM29 abundance, we cultured SKBr3, MDA-MB-468, and HMEC cells in a 1.0% O 2 atmosphere for 18 h. Subsequently, these cells, as well as those cultured under normoxic conditions were harvested and total RNA isolated. RT-PCR indicated a sharp increase in TRIM29 transcript abundance in cells cultured under hypoxic conditions ( Fig. 2A ). Consistent with activation of a robust hypoxic response, we observed increased levels of the hypoxia-inducible CAIX transcript. When Q-PCR was used to measure relative transcript abundance, we observed a multi-fold increase in TRIM29 transcript in each cell line cultured under hypoxic conditions ( Fig. 2B ). Immunoblotting of extracts created from these cells indicated a measurable increase in TRIM29 protein abundance in each line upon culture under low oxygen conditions ( Fig. 2C ). Again, consistent with hypoxic response in these cells, sharp increases in both HIF1␣ and CAIX proteins were observed.
Hypoxia-inducible Expression of TRIM29 Is ATM and HIF1␣-dependent-Following the discovery that TRIM29 expression is up-regulated following hypoxia, we sought to understand the signaling responsible for this response. Hypoxia activates ATM (9, 10), and more recently it was discovered that ATM directly phosphorylates HIF1␣ during hypoxic stress response (11) . Given these facts, we examined hypoxic response in ATM knockdown SKBr3 and MDA-MB-468 cells. As judged by Q-PCR, we measured ϳ4.5-fold increase in TRIM29 mRNA in control SKBr3 cells but no significant increase in TRIM29 transcript in ATM knockdown SKBRr3 cells following hypoxia ( Fig. 3A) . Similarly, in the MDA-MB-468 line, we measured that ATM knockdown abrogated the ϳ3.6-fold increase in TRIM29 mRNA observed in control cells (Fig. 3A) .
When immunoblotting was used to judge protein abundance in ATM knockdown SKBr3 and MDA-MB-468 lines ( Fig. 3B ), we observed either abrogated or notably blunted up-regulation of TRIM29 in response to hypoxia. Consistent with previous studies suggesting that phosphorylation of HIF1␣ by ATM may stabilize HIF1␣ in response to hypoxia (11), we also observed either absent or severely limited increases in HIF1␣ protein in these ATM knockdown lines in response to hypoxia.
To assess a role for HIF1␣ in the hypoxia-induced TRIM29 up-regulation, we knocked down HIF1␣ in SKBr3 and MDA-MB-468 cells and measured a Ͼ3-fold decrease in HIF1␣ transcript in each line transduced with either of two independent shRNA-encoding lentivirus (Fig. 4A ). RT-PCR indicated that knockdown of HIF1␣ in either SKBr3 or MDA-MB-468 resulted in a coordinate reduction in basal TRIM29 transcript levels ( Fig. 4B ). When these lines were examined for TRIM29 mRNA abundance in response to hypoxia, Q-PCR indicated a blunted up-regulation of the TRIM29 transcript in HIF1␣ knockdown lines. Specifically, in this set of experiments, controls showed a 3.6-fold increase in TRIM29 mRNA in SKBr3 and 2.8-fold in MDA-MB-468 in response to hypoxia ( Fig. 4C ). HIF1␣ knockdown blunted the hypoxia-induced up-regulation of TRIM29 in SKBr3 (2.1-and 1.7-fold in shHIF1␣-2 and shHIF1␣-3, respectively) and MDA-MB-468 shHIF1␣-3 cells (1.8-fold) where MDA-MB-468 shHIF1␣-2 cells showed no significant increase in TRIM29 mRNA in response to hypoxia. Rises in TRIM29 mRNA measured in lines with knocked down HIF1␣ may be attributable to residual HIF1␣ expression in these cells or may suggest an additional HIF1␣-independent mechanism(s) that drive increased TRIM29 mRNA levels in response to hypoxia. Results obtained by immunoblotting paralleled Q-PCR results showing that HIF1␣ knockdown reduced the steadystate levels of TRIM29 and blocked the increase in TRIM29 protein in response to hypoxia in both SKBr3 and MDA-MB-468 cells ( Fig. 4D ). Of note, we have been unable to demonstrate that the TRIM29 gene is directly regulated by HIF1, and therefore, we cannot rule out that this gene is indirectly controlled through another HIF1-dependent mechanism.
Under normoxic conditions, prolyl hydroxylases (primarily prolyl hydroxylase 2) use ambient oxygen to hydroxylate proline residues within HIF1␣ that subsequently promote association with the VHL protein (pVHL) (34, 35) . pVHL itself is a subunit of an E3 ubiquitin ligase complex that drives proteosomal degradation resulting in low steady-state levels of HIF1␣ (36, 37) . Given this, we knocked down VHL in SKBr3 cells using RNAi to determine whether stabilization HIF1␣ under normoxic conditions would result in increased TRIM29 abundance. SKBr3 cells transduced with VHL-specific shRNA-encoding lentivirus displayed marked reduction in VHL mRNA abundance as determined by RT-PCR (Fig. 4E) , and by Q-PCR we measured ϳ3-fold reduced levels of VHL transcript in these cells compared with controls (data not shown). When these cells were immunoblotted, we also observed that the shRNA expression produced a marked reduction in VHL protein abundance in SKBr3 ( Fig. 4F ). Of note, immunoblotting revealed a detectable increase in HIF1␣ and TRIM29 in VHL knockdown cells, leading us to conclude that stabilization of the HIF1␣ under normoxic conditions results in increased TRIM29 abundance.
HIF1 activity is primarily controlled post-translationally through the stabilization of the labile HIF1␣ protein. To test whether nascent transcription or translation is required for the hypoxia inducibility of TRIM29, we treated SKBr3 or MDA-MB-468 cells with either the RNA polymerase II inhibitor actinomycin D or the protein synthesis inhibitor cycloheximide prior to culturing these cells for 18 h under 1% oxygen conditions. We observed that either cycloheximide or actinomycin D ablated the hypoxia-induced up-regulation of TRIM29 in both lines (Fig. 4G ). In contrast, actinomycin D had no marked effect on the up-regulation of HIF1␣ during hypoxic response, but inhibition of nascent protein synthesis by cycloheximide fully ablated HIF1␣ up-regulation in both SKBr3 and MDA-MB-468 cells. From these experiments we conclude that, unlike HIF1␣, the up-regulation of TRIM29 during hypoxic response is principally controlled at the transcriptional level.
RelA Is Required to Maintain Basal TRIM29 Expression-In addition to observing the effects of ATM or HIF1␣ knockdown on hypoxia responsiveness of TRIM29, we also observed that knockdown of either of these genes resulted in markedly reduced basal expression of TRIM29 in both SKBr3 and MDA-MB-468 cells. Further, we measured reduced steady-state levels of HIF1␣ transcript in ATM knockdown SKBr3 and MDA-MB-468 cells (Fig. 5A ). Transcription of the HIF1␣ gene has been demonstrated to be under the control of the NF-B transcriptional complex (38, 39) , and our group has documented that ATM supports basal NF-B activity in cultured breast cancer lines (30, 40) . To test a role for NF-B in supporting basal 
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expression of TRIM29, we knocked down the NF-B subunit RelA (i.e. p65). Using two independent shRNA constructs in both SKBr3 and MDA-MB-468 cells, RT-PCR indicated not only the predicted decrease in RelA and HIF1␣ mRNA, but clear diminishment in TRIM29 mRNA as well ( Fig. 5B ). When this was measured using Q-PCR, we observed significant multifold decreases in each transcript following RelA knockdown ( Fig. 5C ). Similarly, we observed a clear decrease in basal TRIM29 protein abundance in both SKBr3 and MDA-MB-468 cells in response to RelA knockdown (Fig. 5D ). These findings clearly indicate that RelA is necessary for the basal expression of TRIM29 in cultured breast cancer lines.
To determine whether increased RelA expression is sufficient to drive TRIM29 expression, SKBr3 cells were transduced with adenovirus encoding full-length human RelA (Ad-p65) or a control (Ad-GFP) adenovirus as previously outlined (28) . As judged by RT-PCR, infection of SKBr3 cells with Ad-p65 resulted in a dramatic increase in RelA mRNA abundance, as well as increased abundance of SOD2 mRNA, a known NF-B target gene (41) (Fig. 5E ). In contrast, no increase in either HIF1␣ or TRIM29 mRNA was observed in SKBr3 infected with Ad-p65. Q-PCR indicated that infection of cells with Ad-GFP did not significantly alter the transcript abundance of HIF1␣, TRIM29, or SOD2 when compared with uninfected cells. We observed a slight rise in both TRIM29 and HIF1␣ mRNA levels after Ad-p65 infection, but these increases failed to reach statistical significance when compared cells infected with Ad-GFP. These results sharply contrast with the ϳ15-fold increase in SOD2 transcript measured following infection of SKBr3 cells with Ad-p65 ( Fig. 5F) .
When uninfected SKBr3 cells infected with Ad-p65 or Ad-GFP virus were assayed for TRIM29 levels by immunoblotting, . After puromycin selection, the cells were harvested, and total RNA was isolated and used in RT-PCRs using VHL or GAPDH-specific primers. F, control and VHL knockdown SKBr3 cells were immunoblotted with anti-VHL, anti-HIF1␣, anti-TRIM29, or anti-actin as indicated. G, SKBr3 and MDA-MB-468 cells were either untreated or treated with cycloheximide or actinomycin D prior to placement in a hypoxia chamber or cultured under normoxic conditions. Following an 18-h incubation, the cells were harvested, and lysates were prepared and immunoblotted with anti-TRIM29, HIF1␣, or actin. Where indicated, relative immunoblot signal intensity within normoxic/hypoxic pairs is given. Q-PCR assays were conducted at least in triplicate, and the graph shows the means of all assays conducted. Error bars, S.D. ns, p Ͼ 0.05; *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0. 001; Student's t test. OCTOBER 7, 2016 • VOLUME 291 • NUMBER 41
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we detected no change in TRIM29, but as expected, we noted a substantial increase on RelA expression in response to Ad-p65 infection ( Fig. 5G ). Of note, we found no detectable HIF1␣ in SKBr3 cells infected with Ad-p65 virus, whereas extracts from hypoxic SKBr3 cells run in parallel showed clear up-regulation of HIF1␣ (data not shown).
To further explore the relationship between NF-B, HIF1␣, and TRIM29, we cultured SKBr3 and MDA-MB-468 cells on the antioxidant N-acetylcysteine (NAC). Previous work from our group has demonstrated that culturing breast cancer cells on NAC will diminish basal ATM-dependent activation of NF-B (40) . To determine whether culturing these lines on NAC would have a similar effect on TRIM29 transcript levels, we treated SKBr3 and MDA-MB-468 cells with 10 mM NAC and measured both TRIM29 and HIF1␣ transcripts by Q-PCR. This analysis revealed that co-culturing either SKBr3 or MDA-MB-468 cells on NAC significantly reduced both TRIM29 and HIF1␣ transcript abundance in these cell lines (Fig. 5H) . These findings suggest that basal activity of the ATM/NF-B pathway supports baseline expression of the TRIM29 gene.
In sum, these studies establish that RelA is necessary, but not sufficient, for basal TRIM29 abundance in SKBr3 cells. Because ectopic expression of RelA results in markedly increased NF-B activity, as scored by transcriptional reporter assays and increased SOD2 expression, these results may suggest that TRIM29 is not a direct transcriptional target for NF-B. Alternatively, TRIM29, like HIF1␣, may be NF-B-responsive but cannot respond solely to increased RelA expression/activity. Moreover, decreased TRIM29 expression observed when RelA or ATM is knocked down is possibly an indirect effect caused by decreased basal HIF1␣ expression.
TRIM29 Blocks TWIST1 Up-regulation during Hypoxic Response-Studies indicate that the oncogenic TWIST1 transcription factor is up-regulated in response to hypoxia (42) , and our previous work documented that TRIM29 blocks TWIST1 activity and expression (27) . To better understand the relationship between TWIST1 and TRIM29 during hypoxic response, we examined TWIST1 expression in response to hypoxia in two breast cancer cell lines that express TRIM29 (SKBr3 and MDA-MB-468) and two lines previously determined to have epigenetically silenced the TRIM29 gene (MDA-MB-231 and BT-549) (27) . We observed a robust response to hypoxia as judged by the multi-fold up-regulation of the CAIX transcript in each line (Fig. 6A) . Similarly, the TWIST1 mRNA also showed significant increases in MDA-MB-231 and BT-549 cells, but no significant change in TWIST1 mRNA was observed in either SKBr3 or MDA-MB-468 cells following hypoxia. When immunoblotting was used to judge TWIST1 protein abundance in each line following hypoxia, clear increases in TWIST1 were observed in MDA-MB-231 and BT-549 cells, but paralleling the Q-PCR results, no change in TWIST1 was protein was observed in SKBr3 and MDA-MB-468 cells cultured under 1% O 2 (Fig. 6B ). Of note, no expression of TRIM29 was observed in either MDA-MB-231 or BT-549 cells cultured under low oxygen conditions, indicating that hypoxic response could not reverse transcriptional silencing of the TRIM29 gene in these lines.
Finally, we examined the role that TRIM29 plays in modulating TWIST1 abundance in response to hypoxia. To conduct this experiment, we engineered SKBr3 cells to express reduced TRIM29 by using either gene editing (i.e. CRISPR/Cas9) or RNAi (lentiviral shRNA) approaches. Both approaches resulted in markedly diminished basal expression of TRIM29 (Fig. 6C) . Consistent with previous work (27) , we measured a ϳ2-fold increase in TWIST1 mRNA in the TRIM29-depleted lines (Fig.  6D) . Moreover, when TRIM29-depleted lines were cultured under low oxygen conditions, we observed a further increase in TWIST1 mRNA, but this response was absent in the control line. Parallel results were observed when TWIST1 protein abundance was examined in these lines by immunoblotting ( Fig. 6E) . Taken together, these findings clearly indicate that TRIM29 is necessary to block the up-regulation of the TWIST1 oncogene in response to hypoxic stress.
Discussion
We originally identified TRIM29 as a gene whose expression was down-regulated following ATM knockdown. Work outlined in this report has confirmed and extended this finding by documenting not only that is basal TRIM29 expression is ATM-dependent but also that TRIM29 is responsive to hypoxic stress through an ATM/HIF1 signaling pathway. ATM and RelA knockdown significantly reduced the basal level of HIF1␣ and, along with HIF1␣ knockdown, reduced TRIM29 mRNA levels. Taken together, these findings suggest that reduced ATM and RelA activity lead to diminished basal HIF1 activity that, in turn, lowers basal TRIM29 expression. Although low oxygen conditions dramatically increase HIF1 activity by forcing stabilization of the labile HIF1␣ protein, HIF1 transcriptional activity can be activated via mechanisms independent of oxygen tension (43) . For example, Zundel et al. (44) demonstrated that Akt signaling can induce stabilization of HIF1␣, and Lu et al. (45) showed that the glucose metabolites pyruvate and oxaloacetate block HIF1␣ degradation. Others showed that reactive oxygen species (ROS) generated in response to hypoxia FIGURE 5 . Basal TRIM29 expression is NF-B-dependent. A, relative HIF1␣ transcript levels were measured in control and ATM knockdown SKBr3 and MDA-MB-468 cells by Q-PCR. B, SKBr3 or MDA-MB-468 cells were transduced with control lentivirus or virus encoding two independent RelA-specific shRNAs (clone shRelA-1 and shRelA-2). Following puromycin selection total RNA was isolated and analyzed by PCR with primers specific for RelA, TRIM29, HIF1␣, and GAPDH. C, control and RelA knockdown SKBr3 and MDA-MB-468 cells were analyzed by Q-PCR for relative RelA, HIF1␣, and TRIM29 transcript abundance. D, control and RelA knockdown SKBr3 and MDA-MB-468 cells were analyzed by immunoblotting for RelA, TRIM29, and actin. E, SKBr3 cells were either uninfected (control) or infected with adenovirus (multiplicity of infection ϭ 10) encoding full-length human RelA (Ad-p65) or adenovirus created from a control virus (Ad-GFP). 48 h post-infection, the cells were harvested and analyzed by RT-PCR with primers specific for RelA, SOD2, TRIM29, HIF1␣, or GAPDH. F, Q-PCR analysis was conducted on uninfected SKBr3 cells, and cells infected with either Ad-p65 or Ad-GFP. Relative TRIM29, HIF1␣, and SOD2 transcript abundance was measured. G, uninfected SKBr3 cells and cells infected with either Ad-p65 or Ad-GFP were immunoblotted with anti-TRIM29, RelA, HIF1␣, or tubulin. H, SKBr3 or MDA-MB-468 cells were either untreated or treated with 10 mM NAC for 18 h, and total RNA was isolated and assayed for either HIF1␣ or TRIM29 mRNA abundance by Q-PCR. Q-PCR assays were conducted at least in triplicate, graphed is the mean of all assays conducted. Error bars, S.D. ns, p Ͼ 0.05; *** ϭ p Ͻ 0. 001; Student's t test. OCTOBER 7, 2016 • VOLUME 291 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 21547 (46, 47) activate HIF1 by promoting the oxidation of Fe(II), a necessary co-factor for oxygen-dependent proline hydroxylases, to Fe(III) and thus promoting reduced turnover of the labile HIF1␣ protein (48) . Of note, ROS activates ATM through oxidation of an internal cysteine residue that, in turn, promotes disulfide bridge formation and ATM dimerization that activates ATM kinase activity (8) . We have previously documented that culturing cells on the antioxidant NAC decreases ATMdependent activation of NF-B (40) , and moreover, we show here that HIF1␣ and TRIM29 transcript levels are sensitive to antioxidant treatment in both SKBr3 and MDA-MB-468 cells. These findings suggest that ROS can promote basal HIF1 activity, and this in turn drives basal TRIM29 expression.
TRIM29 Expression Is ATM-dependent
Cam et al. (11) observed that ATM deficiency severely attenuated HIF1␣ stabilization and up-regulation of the hypoxiainducible REDD1 gene. Moreover, these investigators discovered that hypoxia results in phosphorylation of HIF1␣ at the Ser 696 residue, a consensus phosphorylation site for ATM. Similarly, we observed that ATM knockdown blunted the accumulation of HIF1␣ and TRIM29 in response to hypoxia. Because HIF1␣ levels in response to hypoxia are principally controlled at the post-transcriptional level (34, 49, 50) (Fig. 4G) , our findings support the proposal of Cam et al. (11) that ATM-dependent phosphorylation of HIF1␣ functions in stabilizing HIF1␣ and promoting HIF1 activity.
In sum, our findings argue that that ATM impacts HIF1␣ and HIF1 activity via two distinct mechanisms (Fig. 7) . First, under normoxic conditions ATM promotes basal HIF1 activity by supporting NF-B activity and downstream transactivation of the HIF1␣ gene. Second, ATM is required for hypoxia-induced accumulation of the HIF1␣ protein and HIF1-induced transcription of the TRIM29 gene. Although our study further supports an important role for ATM in response to low oxygen conditions, understanding the full spectrum of ATM-dependent effects on hypoxia response awaits further clarification. Further, although an attractive notion, it also remains unknown whether response to increased oxidative radicals drives ATM activation during hypoxic response.
Response to low oxygen tension within a growing tumor promotes a range of responses that are pro-tumorigenic and prometastatic in nature (12) . For example, HIF1 stimulates up-regulation of factors that promote neo-vascularization, such as VEGF and SDF-1 (51, 52) . Similarly, increased TRIM29 expression is associated with more aggressive forms of disease including bladder (17) , colorectal (18) , gastric (19) , lung (20, 21) , and pancreatic cancer (22, 53) . In contrast, Liu et al. (26) and our group (27) observed that TRIM29 reduces cell growth, motility, and invasiveness in cultured breast cancer and non-tumorigenic mammary epithelial cell lines, and low expression was associated with poor patient outcomes. These findings strongly suggest that TRIM29 can act either as an oncogene or a tumor suppressor depending on tumor origin. Here we show that TRIM29 blocks the hypoxia-induced up-regulation of TWIST1 in breast tumor lines, thus providing a clear tumor suppressive mechanism for the TRIM29 protein in this cell type during response to hypoxic stress. It awaits further clarification whether tumor hypoxia is the mechanism that drives increased TRIM29 expression observed in other tumor types. After this, cells were harvested, and total RNA was isolated and subjected to Q-PCR to measure relative levels of CAIX or TWIST1 transcript. B, cells were treated as outlined in A, but protein extracts were formed and immunoblotted with anti-TWIST1, TRIM29, or actin. C, SKBr3 cells were either subjected to CRISPR/Cas9 gene editing to mutate the TRIM29 gene or transduced with control lentivirus or virus encoding a TRIM29-specific shRNA. Following puromycin selection, the cells were assayed for TRIM29 or actin protein levels by immunoblotting. D, control SKBr3 or cells with either mutated or knocked down TRIM29 were cultured in normoxic or hypoxic conditions for 18 h. Following this, the cells were analyzed by Q-PCR for relative TWIST1 abundance. E, cells were treated as outlined in D but were analyzed by immunoblotting for TWIST1 and actin. Q-PCR assays were conducted at least in triplicate, and the graph shows the means of all assays conducted. Error bars, S.D. ns, p Ͼ 0.05; **, p Ͼ 0.01; ***, p Ͻ 0. 001; Student's t test.
ATM plays a critical role in the maintenance of genome integrity and is a well established tumor suppressor. Epidemiologic studies on female obligate ATM heterozygotes documented significantly higher breast cancer incidence rates over controls (7, 54, 55) . Recent synopses of these studies calculated a relative risk of ϳ2.5 for breast cancer in these individuals (5, 56) , and several groups have uncovered mutations in ATM associated with increased familial breast cancer risk (57) (58) (59) (60) (61) . Despite the general lack of truncating ATM mutations in sporadic breast cancer (62) (63) (64) (65) (66) , several studies (67, 68) including one from our group (69) documented that ATM expression is commonly (30 -50% of tumors examined) diminished in sporadic breast tumors. In this present study, we have demonstrated that expression of the TRIM29 tumor suppressor gene is controlled through an ATM-dependent mechanism. This provides strong evidence for a previously unknown ATM-dependent signaling pathway in breast cancer suppression.
Finally, this work highlights an intriguing and somewhat paradoxical aspect for ATM function in breast tumorigenesis; specifically, why is the ATM tumor suppressor important in the activation of two prominent oncogenic pathways, namely NF-B and HIF1, in breast cancer cells? The answer to this question appears to be that although ATM is necessary for maintaining genomic integrity by activating cell cycle checkpoints and DNA repair (1), ATM also functions in parallel to activate survival signaling in response to cellular insults. For example, ATM activates NF-B and AKT in response to ionizing radiation, which are essential pro-survival mechanisms triggered following DNA damage (70 -72) . Similarly, as we and others (11) have shown, ATM is required to activate HIF1, a critical adaptive response key to survival in low oxygen environments (73) . Thus, although ATM function is certainly crucial in limiting cancer development arising from genotoxic insult, ATM also activates some prominent oncogenic mechanisms during its role in promoting cellular survival to this and other stressors. Moreover, activation of ATM stemming from the chronic presence of stressors, such as elevated ROS, can negatively impact breast cancer behavior (40) . In sum, evidence supports the notion that ATM can exert both positive and negative effects on breast tumorigenesis, making this a compelling molecule for further study.
Experimental Procedures
Cell Culture and Drug Treatment-SKBr3 and MDA-MB-468 cell lines were obtained from ATCC (Manassas, VA), and hTERT-immortalized HMECs were the generous gift of Dr. Jianrong Lu (University of Florida). All lines were cultured using established protocols (27) at 37°C in a humidified 5% CO 2 environment. Where indicated, cells were exposed to 10 Gy of ␥-radiation using a 137 Cs source irradiator (Gammacell 1000).
The cells were exposed to hypoxic conditions by placing in a sealed chamber and purging the atmosphere with gas containing 1% O 2 , 5% CO 2 , and 94% N 2 . After purging, the chamber was placed in a 37°C incubator for 18 h before cell harvest and subsequent analysis. Where indicated, cycloheximide (final concentration, 10 g/ml) or actinomycin D (final concentration, 1.0 g/ml) were added to the tissue culture medium immediately prior to placement in the hypoxia chamber. Both cycloheximide and actinomycin D were purchased from Sigma-Aldrich, and stocks were stored at Ϫ20°C prior to use.
RT-PCR and Q-PCR Analysis-Total RNA was isolated from cultured cells using TRI reagent (Ambion, Austin, TX) per the manufacturer's instructions. 1.0 g of RNA was then used in 20-l first strand reactions with the high capacity RNA to cDNA kit (Life Technologies). For Q-PCR a 15-l reaction was assembled containing 1.0 l of cDNA reaction, 1.0 l of forward and reverse primers (5 M each), and 7.5 l of SYBR Green master mix (Applied Biosystems, Norwalk, CT). PCR was carried out in an Applied Biosystems StepOnePlus theromocycler, and fold changes in transcript abundance were calculated by the 2 Ϫ⌬⌬Ct method (28) using GAPDH as the internal standard. For RT-PCR, reactions were subjected to agarose gel electrophoresis, stained with ethidium bromide, and photographed. Primers used for RT-PCR and Q-PCR are listed in Table 1 .
Immunoblot Analysis-SDS-PAGE and immunoblotting was performed using established protocols (29) . Nitrocellulose membranes were probed with anti-TRIM29 (sc-33151; Santa Cruz Biotechnology, Santa Cruz, CA), TWIST1 and VHL (GTX12310 and GTX101087, respectively; GeneTex, Irvine, CA), ␥H2AX (9718; Cell Signaling Technologies, Danvers, MA), HIF1␣ (NB100 -499; Novus Biologicals, Littleton, CO), CAIX (a gift from Dr. Susan Frost, Department of Biochemistry and Molecular Biology, University of Florida). To assure even protein loading, parallel blots were probed with anti-Actin (sc-47778; Santa Cruz Biotechnology) or tubulin (E7) obtained from the Developmental Studies Hybridoma Bank (University of Iowa). Immunoblot signals were developed using chemiluminescence and recorded on x-ray film. Where indicated, immunoblot signals were quantified using ImageJ.
shRNA Gene Knockdown-For RNAi-mediated gene knockdown, shRNA lentiviral vectors were obtained from a human shRNA library (Open Biosystems) maintained by the UF Health Cancer Center. ATM, p65 (RelA), and TRIM29 shRNA constructs were previously described (27, 30) . For HIF1␣, two independent pLKO.1 plasmids encoding HIF1␣-specific shRNA inserts were used (TRCN0000010819 (clone 2) and TRCN0000003810 (clone 3)). For VHL knockdown constructs TRCN0000039624 (clone 2) and TRCN0000039625 (clone 3) were used. Lentivirus encoding shRNA or pLKO.1 vector containing nonspecific shRNA insert sequence were packaged in HEK-293FT cells (ATCC) by co-transfection with the packag- OCTOBER 7, 2016 • VOLUME 291 • NUMBER 41 ing plasmids psPAX2 and pMD2.G (Addgene, Cambridge, MA). Two days after transfection spent medium was collected, Polybrene (final concentration, 4 g/ml) was added and applied to cultured cells. Selection with 2 g/ml puromycin was conducted for ϳ2-3 weeks prior to analysis of the resultant polyclonal cell populations.
TRIM29 Expression Is ATM-dependent
Gene Editing (CRISPR/Cas9)-The endogenous TRIM29 gene was mutated in SKBr3 cells using the lentiCRISPRv2 plasmid (52961; Addgene) previously described by the Zhang lab (31) . Briefly, using the Crispr online design tool, a guide RNA (designated guide 13) within the open reading frame of TRIM29 exon 1 (nucleotides ϩ664 -683; transcriptional start site ϭ nucleotide 1) was chosen based on the location of a PAM site (5Ј-TGG-3Ј) within the TRIM29 gene and the low predicted probability of off site targeting within the human genome. Partially complementary oligonucleotides (forward, 5Ј-CACCG-GCCCGCAAGTGTCCCGTGCA-3Ј; reverse, 5Ј-AAACTG-CAAGGGACACTTGCGCGCC-3Ј) were annealed, and the resultant double-stranded DNA was ligated into BsmBI-digested lentiCRISPRv2 as instructed (Addgene). Recombinant clones were identified by restriction mapping and confirmed by automated Sanger sequencing. Lentivirus were created using the TRIM29 guide 13 plasmid or empty lentiCRISPRv2 as outlined above, and SKBr3 were transduced with these viruses and selected using puromycin for 3 weeks at which point polyclonal populations of stably transduced cells were harvested and tested for TRIM29 expression by immunoblotting. ATM  5Ј-CAGGGTAGTTTAGTTGAGGTTGACAG-3Ј  5Ј-CTATACTGGTGGTCAGTGCCAAAGT-3Ј  HIF-1␣  5Ј-CCTATGACCTGCTTGGTGCTGA-3Ј  5Ј-TCCACCTCTTTTGGCAAGCA-3Ј  RelA  5Ј-GCTCCTGTGCGTGTCTCCAT-3Ј  5Ј-GTGGGTCCGCTGAAAGGACT-3Ј  TRIM29  5Ј-TTGCATGTTCCAGGAGCACAAGAAT-3Ј  5Ј-CAATGCACCAAATTCCTGCAGAAACA-3Ј  TWIST1 5Ј-CAGTCTTACGAGGAGCTGCAGAC-3Ј 5Ј-CTGGAAACAATGACATCTAGGTCTCCG-3Ј CAIX 5Ј-GTCTCGCTTGGAAGAAATCG-3Ј 5Ј-AGAGGGTGTGGAGCTGCTTA GAPDH 5Ј-ACCCAGAAGACTGTGGATGG-3Ј 5Ј-TTCAGCTCAGGGATGACCTT-3Ј ACTIN 5Ј-GCACAGAGCCTCGCCTT-3Ј 5Ј-GTTGTCGACGACGAGCG-3Ј SOD2
5Ј-GCATCTGTTGGTGTCCAAGG-3Ј 5Ј-CGTGCTCCCACACATCAATC-3Ј VHL 5Ј-GTGTCAGCCGCTCCAGGTCT-3Ј 5Ј-ATCCGTTGATGTGCAATGC-3Ј
